Nuclear orphan receptors are DNA binding proteins that share the domain structure of the nuclear hormone receptor superfamily, although ligands are unknown. We have identified an orphan receptor in Xenopus laevis and named it xGCNF based on its high degree of sequence homology to the previously described murine germ cell nuclear factor (mGCNF). In gel-electrophoresis mobility shift analysis experiments in vitro translated xGCNF and mGCNF proteins both bind specifically as homodimers to the same response element, a direct repeat of the half-site consensus AGGTCA with zero spacing (DRO). Transcripts of xGCNF are found in oocytes and in much smaller amounts in the testes. In developmental Northern blots and RNase protection using RNA from different embryonic stages, zygotic expression of xGCNF peaks at midneurula. From late gastrula to midneurula stages, an anterior to posterior concentration gradient of the RNA was observed in whole mount in situ analysis. This antero-posterior gradient of expression was also observed in exogastrulae, both in the ectoderm and mesoderm. In the midneurula embryo, the mRNA was predominantly found in the neural plate and neural crest. Transcription of xGCNF in animal cap explants occurred independent of mesoderm induction.
Introduction
Lipophilic hormones of low molecular weight may enter their target cells and regulate gene activity by activating a nuclear hormone receptor. Nuclear hormone receptors form a superfamily of structurally related DNA binding proteins (Laudet et al., 1992) . Not only hormones in the strict sense activate transcription factors belonging to this superfamily, but also retinoic acids (reviewed by Stunnenberg, 1993) , some prostaglandins (Forman et al., 1995) and fatty acids (reviewed by Dreyer et al., 1993) . The observation that an excess of exogenous retinoic acid affects amphibian development in a specific way (Durston et al., 1989) has led to the hypothesis that endogenous retinoids (Durston et al., 1989; Chen et al., 1994a; Creech-Kraft et al., 1994) may be involved in specifying cell fate in early embryogenesis.
Mainly the notion that retinoids may regulate gene activity in early development of vertebrates in a hormone-like manner has focused our * Corresponding author. Fax: +49 7071 601449 interest on the role of retinoic acid receptors and other nuclear receptors in early amphibian development, prior to the establishment of blood circulation (for review see Dreyer and Ellinger-Ziegelbauer 1996) . The nuclear hormone receptor superfamily comprises ligand-activated transcription factors which regulate expression of a limited number of target genes by binding to cis-acting DNA sequences called hormone responsive elements (HRE). The nuclear receptors consist of six domains, A to F, of which the most highly conserved Znfinger containing C-domain is responsible for sequencespecific DNA binding. The N-terminal A/EI domain may enhance transcriptional activation and may vary considerably in length and sequence between isoforms of a given receptor. Several functions can be ascribed to the Edomain: ligand binding, dimerisation, transcriptional activation or inhibition, and in some instances nuclear translocation (Picard and Yamamoto, 1987) . In other receptors, a nuclear translocation signal (NLS) is found in the D-domain, that forms a poorly conserved link between domains C and E. Also, the short C-terminal domain F is only poorly conserved and its function has not 0925-4773/96/$15.00 0 1996 Elsevier Science Ireland Ltd. All rights reserved PII SO925-4773(96)00599-O 46
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been defined in most receptors (Wahli and Martinez, 1991) .
Nuclear receptors have previously been classified according to their molecular evolution (Laudet et al., 1992) , their ability to bind to specific response elements localized in the 5' upstream region of target genes as monomers, homodimers, or heterodimers (Wahli and Martinez, 1991; Stunnenberg, 1993) , and with respect to their ligands (see Mangelsdorf et al., 1995 for review) . Receptors whose ligands are presently unknown are called nuclear orphan receptors (Laudet and Adelmant, 1995; and references therein) . Orphan receptors may, however, be constitutive regulators of gene activity in the absence of any ligands or may be activated by compounds that do not bind with high affinity or do not bind directly to the receptor .
Of the multitude of nuclear receptors described in
Xenopus luevis (see for an overview), receptors for retinoic acids (Ellinger-Ziegelbauer and Dreyer, 1991; Blumberg et al., 1992; Sharpe, 1992) , and peroxisome proliferator-activated receptors a and /3 (Dreyer et al., 1992) , the Chicken Ovalbumin Upstream Promotor Transcription Factors (COUP-TF, van der Wees et al., 1996) , the FTZ-Fl-related orphan receptors xFFlrA and B (Ellinger-Ziegelbauer et al., 1994) , and hepatocyte nuclear factor 4 (HNF4; Holewa et al., 1996) are expressed during embryogenesis.
Here we report the identification of xGCNF, a novel orphan receptor whose closest relative is the murine germ cell nuclear factor (mGCNF; Chen et al., 1994b) , which has also been described as mRTR (Hirose et al., 1995) . The name GCNF refers to the presence of the murine GCNF mRNA in male and female germ cells. In X. luevis, expression of xGCNF is found mainly in previtellogenic oocytes and in embryos after gastrulation. In the course of neurulation, an elaborate spatio-temporal pattern of expression is established. Because of this highly regulated pattern during neurulation we have investigated the role of mesoderm induction and interactions between germ layers during gastrulation on the expression of xGCNF.
Results

A novel nuclear orphan receptor subfamily
Degenerate gene-specific primers encoding part of the most highly conserved region of nuclear hormone receptors, the P-box of the DNA-binding domain C, together with lgtlO-specific primers, were used for a PCR-aided cDNA cloning strategy. A 1.3 kb cDNA fragment, which encodes part of a putative nuclear orphan receptor was amplified from DNA isolated from a lZgtl0 X. Zaevis neurula cDNA library (Kintner and Melton, 1987) . This PCR product was used for further screening of the same library, resulting in several overlapping recombinant cDNA clones. The longest isolate, a 2.1 kb fragment (xGCNF) contains a 1305 bp long open reading frame (Fig. lA,B) . The deduced amino acid sequence carries the typical domains of a member of the steroid/thyroid hormone receptor superfamily.
Alignment of the X. laevis protein sequence to sequences found in the Genbank and Swissprot databases revealed the recently published murine germ cell nuclear factor (mGCNF; Chen et al., 1994b; Hirose et al., 1995) as the closest relative (Fig. 1C) . For this reason and because of its expression in germ cells of X. luevis, we have named this orphan receptor xGCNF.
The start codon of xGCNF at position 84 is embedded in a sequence which favours translational start (Kozak, 1991) and is preceded by an inframe stop codon. Translational start at position 84 results in a polypeptide consisting of 435 amino acids (aa), of which only 13 form the A/B domain (Fig. lA,B) . In contrast, the A/B domain of the mGCNF consists of 74 aa (Fig. 1C) . The DNA binding domain C of xGCNF is identical to that of mGCNF, except for a single conservative exchange of thr for ser at position 41 of the xGCNF sequence. The deduced amino acid sequence of xGCNF throughout domains C to F is 84% identical to mGCNF.
Although the structure of the P-box of xGCNF suggests that it belongs to the thyroid hormone/retinoid receptor sub-family, even the conserved DNA-binding domain C shares no more than 64% sequence identity to the Fig. 1 . Cloning of xGCNF. (A) Linear map of xGCNF. The 2.1 kb cDNA is shown as a line, together with a schematic drawing of the deduced protein above the coding region (bp 84-1389). The DNA-binding domain C (DNA) and the most highly conserved regions II and III of domain E are also indicated. Probes used for RNase protection are shown below the cDNA. (B) Nucleotide sequence of the xGCNF cDNA is shown with the cDNAdeduced amino acid sequence. The DNA binding domain and the conserved regions II and III within domain E are underlined. Numbering of nucleo-, tides is at the right and that of amino acids at the let?. Note that the amino acid sequence of the C-domain of xGCNF differs from that of mGCNF by a single exchange of T for S at position 41, shown in bold print. (C) Amino acid sequence identity of nuclear orphan receptors. The cDNA-deduced amino acid sequence of xGCNF was aligned to nuclear hormone receptors and orphan receptors using the GCG program Bestfn. The amino acid sequence identity of the DNA-binding domain C and of the most conserved regions II and III of domain E is indicated. The first and the last amino acid of these regions is indicated. The FTZ-Fl box of xFFlrA is hatched. Note that the murine germ cell nuclear factor (mGCNF, Chen et al., 1994b ) is the closest relative of xGCNF. mRXRy, mouse retinoid X receptor y (L.&d et al., 1992) ; xRARy2, Xenopus retinoic acid receptor y2 (Ellinger-Ziegelbauer et al., 1991) ; hCOUP-TFI, human COUP-TFI or hear3 (Miyajima et al., 1988) ; hCOUP-TFII, human COUP-TFlI or harp1 (Ladias and Karathanasis, 1991) ; xFFlrA, Xenopus FTZ-Fl-related receptor A (Ellinger-Ziegelbauer et al., 1994) ; troutER, trout estrogen receptor (Pakdel et al., 1990) ; rGR, rat glucocorticoid receptor (Miesfeld et al., 1986) . C-domain of the retinoid X receptor RXR. Comparison with other receptors show even less similarity, especially when the C-terminal domains D to F are included. Nevertheless, a low, yet significant degree of similarity is seen between the conserved regions II and III within the Edomain of xGCNF and other nuclear hormone and orphan receptors. With sequence identities between 42 and 49%, regions II and III of GCNF appear to be more closely related to the COUP-TF orphan receptors than to the retinoid receptors. Also, region III of xGCNF shares about 50% amino acid identity with the homologous region III of certain steroid hormone receptors (Fig. 1C) . Thus, xGCNF and the murine GCNF form a distinct novel subfamily of the nuclear hormone receptor superfamily (Laudet, in preparation ) .
DNA binding specificity of xGCNF
As was shown previously, the mouse GCNF binds specifically as a homodimer to direct repeats of the motif AGGTCA with zero spacing (DRO; Chen et al., 1994b) .
Since the C-domains of mGCNF and xGCNF are almost identical, we presumed that xGCNF might also bind to DRO. To test this hypothesis, we performed electrophoretie mobility shift analysis (EMSA) using receptor protein translated in vitro and end-labelled DRO as probe. As expected, xGCNF bound to DRO with almost the same efficiency as mGCNF (Fig. 2 , lanes 2 and 5). Both complexes, that formed by xGCNF (lane 2) and that formed by mGCNF (lane 5), could be eliminated by competition with excess unlabelled DRO (lanes 3 and 6). Direct repeats of the same motif with 1 to 5 nucleotide spacing (DRl to DR5) did not significantly compete for binding of DRO to xGCNF (data not shown). In the presence of an antiserum raised against the domains D to F of xGCNF, both complexes were supershifted (lanes 4 and 7). Since the DRO contains a FTZ-Fl response element (FRE; TCAAGGTCA), we assayed binding of the X. luevis FtzFl-related orphan receptor xFFlrA (Ellinger-Ziegelbauer et al., 1994) as a control for monomer binding to DRO (Fig. 2, lane 1) . Both the Xenopus and the mouse GCNF form complexes with DRO that migrate significantly more slowly than the xFFlrA complex. Since xFFlrA is 6 amino acids longer than mGCNF and 66 aa longer than xGCNF, this result indicates that both GCNF proteins bind to DRO as homodimers.
Transcripts of xGCNF in germ cells and in embryos
To investigate on the temporal and spatial expression pattern of xGCNF, Northern blot analysis, RNase protection, and in situ hybridization were performed.
RNase protection was performed with the two antisense RNA probes indicated in 7) as a marker for a dimeric complex, as indicated at the left. As expected from its molecular size, the mGCNF dimer migrates more slowly than the xGCNF dimer. Complexes containing xGCNF (lane 4) or mGCNF (lane 7) were supershifted by addition of a specific antiserum raised against xGCNF (bracket at the right). More of the antiserum was required to supershift the heterologous mGCNF as compared to the xGCNF. As shown at the bottom, DRO contains a FRE. observed with RNA from late gastrula stage embryos. The amount of this fragment increased significantly up to midneurula stage 17 and decreased at later stages (Fig. 3,  lanes 2-8) . A protected fragment of the same length was observed in RNA from testes (lane 9) and from oocytes (Dumont stage I-III; lane lo), but not in RNA from kidney or liver (data not shown). In addition, RNA from embryos gave rise to lower amounts of two shorter fragments, marked with arrowheads in Fig. 3 . The intensity of the three signals changed with developmental time in a very similar way (lanes 2-5), indicating the presence of several closely related transcripts in embryos. These may either represent differentially spliced isoforms of the same gene product or transcripts of two closely related genes that are likely to exist due to the pseudotetraploidity of X. laevis (Kobel and DuPasquier, 1986) . Since both probes depicted in Fig. 1A gave rise to a protected fragment of the expected length, and, in addition, to lower amounts of shorter fragments (Fig. 3 and data not shown) , we regard the transcription of two closely related genes in embryos as very likely.
The experiment shown in Fig. 3 was performed in presence of a second probe specific of X. luevis EFla (lane 1, lower band), to provide a loading control. The signals seen in the lower part of the figure represent protected fragments of EFla mRNA, that were not observed in absence of the EFla probe (data not shown).
Northern blots with RNA from embryos of different developmental stages revealed transcripts of approximately 2.4, 7.5, 8.5, and 10 kb which all increased in amount between gastrula and midneurula stage 17, and later decreased (Fig. 4A) . Furthermore, the maximum of transcription during midneurula stages was confirmed by RT-PCR (data not shown). The longest transcripts of approximately 8.5 and 10 kb prevailed in midneurula embryos, whereas the 7.5 and 8.5 kb transcripts were most abundant in oocytes at early diplotene (Dumont stage I-III). Considerably less transcript was found in mRNA isolated from whole testes, and this migrated at the posi- RNase protection of total RNA from embryos of the developmental stages as indicated at the top (lanes 2-8) and RNA from testes (lane 9). and from oocytes (Dumont stages I-III; lane 10). The 245 nt long xGCNF-specific probe gave rise to a protected fragment of 190nt, which comigrated with a fragment protected by sense RNA transcribed in vitro (not shown), and to at least two shorter fragments present in lower amounts and marked with arrowheads at the left. An antisense RNA probe specific of X. laevis EFla (Whittaker and DeSimone, 1993) was included in this experiment as a loading control. Lane 1 shows both unprotected probes with tRNA as carrier in the absence of RNase tion of the 8.5 kb RNA (Fig. 4A, lane 9; Fig. 4B, lane 1) . In agreement with the RNase protection, we were unable to detect significant amounts of xGCNF mRNA in adult liver or kidney (Fig. 4A, lanes 10 and 11, and data not shown).
Expression of xGCNF transcript in germ cells
In adult X. laevis, transcripts of xGCNF were found in early diplotene oocytes and in testes (Fig. 4B) . To investigate whether expression of xGCNF was limited to the germ cells of the gonads, we performed in situ hybridization with digoxigenin-labelled antisense RNA . Whole mount in situ hybridization of dissociated oocytes of different stages revealed that the smaller (Dumont stage I-III) oocytes were more intensely labelled than fully grown oocytes, indicating an accumulation of xGCNF mRNA early in oogenesis (Fig. 5A) . In situ hybridization on cryosections of an ovary from a young female also showed that the signals obtained were .' * . k most intense in the cytoplasm of previtellogenic oocytes (Fig. 5C ). At the onset of vitellogenesis, in late stage II oocytes, xGCNF transcript was mainly found in the periphery of the oocyte and in oocytes at stage III-IV transcript appeared to be concentrated in the vicinity of the nucleus. The somatic cells of the ovary, such as follicle cells, remained unlabelled (Fig. 5C) . No significant signal was obtained after hybridization with sense RNA probes (Fig. 5B,D) . Most likely due to the low abundance of transcripts in the testis as compared to oocytes or neurula embryos (Figs. 3 and 4) , we were unable to localize xGCNF mRNA in the testis by in situ hybridization (data not shown).
Expression pattern of xGCNF in neurula stage embryos of X. laevis
The spatio-temporal expression of xGCNF mRNA in embryogenesis was analysed by whole mount in situ hybridization (Figs. 6 and 7). After no transcript was detected at early gastrula stage 10 (Fig. 6A) , xGCNF mRNA was expressed in the anterior ectoderm by the end of gastrulation (stage 12, Fig. 6B ), and was further augmented until midneurula stage 17 (Fig. 6D ), in agreement with RT-PCR, Northern blot and RNase protection results. An anterior to posterior ectodermal gradient of xGCNF mRNA was observed from stage 12 (Fig. 6B ) till stage 21 (Fig. 6E) . Ectodermal expression of xGCNF reached a maximum between stage 14 (Fig. 6C ) and stage 17 (Fig.  6D) , and the posterior circumblastoporal area appeared devoid of the mRNA during the developmental stages investigated (Figs. 6B-E and 7D ). At the end of neurulation, xGCNF mRNA was detected in the anterior central nervous system including most of the neural tube, in branchial arches, somites, and in anterior ventral ectoderm at stages 20 to 21 (Fig. 6E and data not shown) . At tailbud stages, it was primarily found in the branchial arches, in the somites, and in the anterior ventral ectoderm at tailbud stage 23 (Fig. 6F) . No significant signal was obtained with sense RNA probes (data not shown).
To illustrate the distribution of the xGCNF mRNA at a midneurula stage in more detail, different external aspects of an embryo at stage 16 were documented (Fig. 7A-D ). An anterior to posterior gradient of xGCNF mRNA is obvious from the dorsal (Fig. 7A), lateral (Fig. 7B ) and posterior aspect (Fig. 7D) , which demonstrates a minimum of mRNA around the blastoporus. The anterior view documents that the highest amount of transcript is found in the neural fold region (Fig. 7C) .
Because the whole mount in situ hybridization procedure might underestimate the amount of mRNA present in the internal cell layers (data not shown), we have also hybridized vibratome sections of midneurula embryos.
Transverse sections from a pigmented midneurula embryo from the midbody, showing the closing neural tube (Fig. 7E) , and from a more anterior region, where the anterior tip of the notochord underlies the open neural plate (Fig. 7F) , were subjected to in situ hybridisation. Also on sections, the signals detected in the prospective neuroectoderm were stronger than those in the somites, notochord and in the archenteron roof. The section hitting the open neural plate reveals a comparatively high concentration of xGCNF mRNA in the neural crest (Fig. 7F) . The branchial arches derived from head neural crest cells apparently still express xGCNF at tailbud stage 23 (Fig.  6F) . At midneurula stage 16, the xGCNF mRNA is found throughout the neuroectoderm of the open neural plate including the region overlying the tip of the notochord (Fig. 7F ). More posteriorly, the prospective floorplate of the neural tube may be recognized as a zone of intimate contact between the neuroectoderm and the subjacent notochord. Expression of xGCNF is conspicuously low in the floorplate, as compared to the rest of the neuroectoderm in this region (Fig. 7E ). This minimal expression in the floorplate is reflected by the weak signal that distinguishes the dorsal midline of the albino midneurula embryos after whole mount in situ hybridisation (arrows in Fig. 7A,C) . The archenteron roof contains even less xGCNF mRNA compared to the notochord and somites, and no significant amount of mRNA was labelled in the endoderm (Fig. 7E,F ).
Autonomous expression of xGCNF in the ectoderm
To investigate whether ectodermal expression of xGCNF was autonomous or dependent on mesoderm induction, we have compared animal cap explants that were cultured in the presence or absence of activin until control siblings had reached midneurula stage 17. Animal cap explants expressed xGCNF transcript in significant To assess whether the anterior to posterior gradient of xGCNF expression was directed mainly by the ectoderm or by the mesoderm, we studied xGCNF expression in exogastrulae. After complete exogastrulation, the endomesoderm is extruded and consequently the normal vertical contact between dorsal mesoderm and neuroectoderm is missing. The ectoderm and the endomesoderm remain in contact by their posterior ends, thus allowing for potential planar patterning signals. Whole mount in situ hybridization of complete exogastrulae (Fig. 8) showed that the normal antero-posterior expression pattern is strikingly preserved in both the ectoderm and the endomesoderm, leading to an area virtually free of xGCNF n-RNA at the posterior end of all germ layers (arrows in Fig. 8 ). Ectodermal expression of xGCNF in exogastrula was to be expected, since animal caps in the absence of activin also express xGCNF (data not shown). Yet, there was no indication of a dorsal midline in the ectoderm of the exogastrula (Fig. 8) . Interestingly, the distinct pattern of the xGCNF transcript in the ectopic endomesoderm resembled the normal pattern: the dorsal mesoderm was labelled most strongly and lower amounts of transcript were found in the notochord as compared to the somitogenic mesoderm (upper specimen in Fig. 8 ). Labelling was very weak in the ventral part of the endomesoderm.
In conclusion, in the absence of the normal vertical interactions between ectoderm and endomesoderm, both parts of the embryo expressed xGCNF, and preserved a near to normal anteroposterior pattern of expression.
Discussion
A novel subfamily of nuclear orphan receptors
The orphan receptor xGCNF described in this contribution and the previously published mGCNF (Chen et al., 1994b) , form a novel subfamily of nuclear orphan receptors, that is only distantly related to other members of the superfamily. The X. laevis and the murine GCNF are related by their structure, by their DNA binding properties, and by their expression pattern. Both are transcribed in female and male germ cells (Figs. 4 and 5) (Chen at al., 1994b; Hirose et al., 1995) , and in embryos (Figs. 3, 4 , 6 and 7) (U. Borgmeyer, personal communication).
At least four transcripts for xGCNF of different length were identified in oocytes and in embryos (Fig. 4) . Although the 8 kb transcript is always present, the longest transcript of 9 kb prevails in embryos, whereas the 7.5 kb transcript is more abundant in oocytes (Fig. 4B) . Consequently, different isoforms of xGCNF might exist in embryos and in germ cells, and their functions may not necessarily be identical. Alternatively, these transcripts might solely differ in their regulatory regions or represent homologues that exist as a consequence of the pseudotetraploid genome of X. laevis (Kobel and DuPasquier, 1986) . Of the mouse GCNF, two different transcripts of about 7.5 and 2.4 kb were found in the testes but their functional significance remains unknown (Chen et al., 1994b; Hirose et al., 1995) . Of most receptors two or more isoforms have evolved by gene duplication and subsequent divergence (Laudet et al., 1992) . At present we cannot decide whether xGCNF is the homolog of mGCNF or whether it represents a different isoform of the same receptor family, that is specifically expressed in oocytes and in embryos. With the aim of keeping the nomenclature of nuclear orphan receptors as simple and consistent as possible, we have decided to use the previously given name xGCNF, despite the prominent expression of xGCNF during embryogenesis.
DNA binding properties of xGCNF
As previously described for mGCNF, xGCNF specifically binds to a DRO response element, with a somewhat lower efficiency than mGCNF (Fig. 2) . This is not unexpected, because the DNA binding domain of the murine and the Xenopus receptor are almost identical (Fig. 1) . All of our data indicate the formation of stable homodimers of xGCNF on a DRO response element, whilst monomers are apparently much less stable and are not detected under our assay conditions. Consistently, we could not detect binding of xGCNF to a FTZ-Fl response element (FRE), Fig. 7 . Whole mount in situ hybridization of midneurula stage 16 embryo. Hybridization with digoxygenin-labelled xGCNF antisense RNA shows highest amount of transcript in the neural plate, neural fold, and neural crest. The specimen was treated as described in Fig. 6 , except for a shorter period of colour development. The dorsal (A), lateral (B), anterior(C) and posterior(D) aspect of a stage 16 midneurula embryo is shown. Note weaker labelling in the dorsal midline (arrows) as compared to the rest of the neural plate (np) and neural folds (nf), and absence of label from the blastoporal area (arrowhead in D). a, anterior; p, posterior; d, dorsal; v, ventral. Bar, 0.5 mm. (E,F) In situ hybridization with xGCNF antisense RNA on 100 pm thin vibratome sections from a wild-type stage 17 midneurula embryo. Only the dorsal parts of transverse sections through the closing neural tube (E) and more anteriorly, through the open neural plate at the tip of the notochord (F), are shown. Neural fold (nf), neural plate (np). and neural crest (nc) were predominantly labelled. Lower amounts of mRNA were detected in the notochord (no), and somites (so). Note the comparatively low amount of mRNA in the prospective floorplate above the notochord in (E). ng, neural groove; ar, archenteron roof; en, endoderm. Sectioning was slightly oblique with respect to the anteroposterior axis. Fig. 8 . Expression of xGCNF mRNA in exogastrula. Exogastrulation was induced by keeping blastula embryos of stage 8 in 1.2x MBSH until control siblings had reached late neurula stage 20. All specimens were subjected to whole mount in situ hybridization with digoxygenin-labelled xGCNF antisense RNA as probe. Note absence of signal from the border between ectoderm (ec) and endomesoderm (en/m), which demarcates the posterior ends of both the ectoderm and the endomesoderm (arrows). Bar, 0.3 mm.
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which consists of a single extended halfsite motif (data not shown). This is in contrast to mGCNF that was reported to bind to FRE, although with low efficiency. Furthermore, we did not observe heterodimer formation between RXR and xGCNF on DRO (data not shown).
Binding to a DRO response element as a homodimer has also been described for COUP-TF (Qiu et al., 1996) . Cooperative or antagonistic effects of COUP and GCNF on DRO-containing target genes remain to be elucidated.
The expression pattern of xGCNF
The pattern of transcripts of xGCNF found in oocytes and embryos is complex. At least four transcripts of different lengths are observed and their abundance differs in oocytes and in embryos (Fig. 4) . In oogenesis, xGCNFspecific transcripts are accumulated before vitellogenesis (Figs. 4 and 5A,C) . This is not unexpected, because the full amount and complexity of mRNA content is essentially reached by the end of stage II of oogenesis (Stick and Dreyer, 1989 , and references therein). The weaker signals found at later stages may be a consequence of a distribution of the same amount of mRNA over a much larger cytoplasmic volume, or be due to degradation at later stages. The latter possibility would hint at a specific function of xGCNF early in oogenesis.
In embryos, the amount of xGCNF transcript was measured by RNase protection and the amount of maternal transcript found in the egg was hardly detectable (Fig.  3, lane 1) . Most of the transcript present in embryos accumulates after the onset of gastrulation and the composition of the zygotic mRNAs is different from that of the maternal transcripts found in the oocytes (Fig. 4) . Therefore, the maternal contribution of xGCNF transcripts to the early embryo must be minor.
In contrast to oocytes, the testis apparently contains only minor amounts of xGCNF transcript (Fig. 4A ). This differs from the situation in the mouse, where more mGCNF transcript was detected in the testes as compared to the ovary and the mRNA was detected during specific stages of spermatocyte differentiation as well as in early diplotene oocytes (Chen et al., 1994b; Hirose et al., 1995) .
In embryos, transcription of xGCNF appears to be initiated anteriorly by the end of gastrulation, and an anteroposterior mRNA concentration gradient is observed until late neurula stages (Figs. 6 and 7) . Transcripts predominate in the anterior and middle parts of the neuroectoderm including the neural crest (Fig. 7) with the conspicuous exception of the prospective floorplate (Fig. 7E) . In early tailbud stages, xGCNF mRNA is still found in the branchial arches (Fig. 6F) .
This expression pattern overlaps, in part, with the spatio-temporal expression patterns of xCOUP-TF. Interestingly, two different isoforms of this orphan receptor, xCOUP-TFA and xCOUP-TFB, are expressed during embryogenesis of X. laevis from gastrulation onward (van der Wees et al., 1996) . In common with xCOUP-TFA, xGCNF transcript is found in the developing branchial arches and somites, and expression in the neural plate is stronger anteriorly, with the marked exception of the floorplate. Similar to xCOUP-TFB, xGCNF is expressed in anterior neural tissue, including the neural folds. The antero-posterior gradient of xGCNF transcript emerges, however, by the end of gastrulation, and a distinct pattern is seen at midneurula stages 16-17 (Figs. 6 and 7) whereas the patterns of xCOUP-TF expression are not obvious before stage 18 (van der Wees et al., 1996) .
COUP-TFs have primarily been described as repressors that act via a number of different response elements, including DRO (Qiu et al., 1996) . The partially overlapping expression of xGCNF and COUP-TF in embryogenesis and the binding of both orphan receptors to response elements of the type DRO in vitro implicate that GCNF and COUP-TF may compete for the same target genes.
In common with the retinoic acid receptor xRARy, xGCNF is expressed during neurulation, with a complicated pattern with respect to the antero-posterior axis. Furthermore, transcription of both receptors in the ectoderm is independent of mesoderm induction, and the expression pattern in the endomesoderm is preserved in the exogastrula, in absence of the normal vertical interaction between germ layers (Fig. 8) (Ellinger-Ziegelbauer and Dreyer, 1993) . The nuclear receptors xGCNF and xRARy are both potentially involved in the antero-posterior patterning of the embryo during neurulation.
Because the accumulation of xGCNF transcript begins at the end of gastrulation and peaks during midneurula stages, a function of xGCNF in neural induction appears to be unlikely. xGCNF, probably in concert with other nuclear receptors such as COUP-T% and RAR, may be engaged in regulation of cell type-specific gene expression in the differentiating central nervous system and the dorsal mesoderm, e.g. by activating anterior-specific genes or by repressing posterior-specific genes.
Experimental procedures
Embryos
Adult Xenopus Iaevis were purchased from the African Xenopus Facility C.C. (South Africa). Adult albino Xenopus laevis were obtained from Xenopus 1 (Ann Arbor, MI). Embryos were obtained by fertilization in vitro and staged according to Nieuwkoop and Faber (1967) . Animal caps of normal embryos were explanted at stage 8.5 and cultured until control embryos had reached stage 17. The medium was either free of or contained 5, 25 or 50 U/ml Activin A. Exogastrulae were produced by removing the vitelline envelope at stage 8 after a 1 min treatment with 0.5 mg/ml Proteinase K in 1 x MBSH (88 mM NaCl, 1 mM KCl, 2.4 mM NaHC03, 0.82 mM, bridized to an amount of gel-purified probe per assay MgS04, 0.33 mM Ca(NO&, 0.41 mM CaCl*, 10 mM which corresponded to 10 000 cts/min. Sense RNA tran-HEPES pH 7.4, 1% streptomycin, 1% penicillin) and scribed from the cDNA template was used as a control. were subsequently grown in 1.2X MBSH until control The size of the protected fragment was estimated using a embryos had reached stage 17.
DNA sequence ladder.
PCR amplification of a xGCNF cDNA fragment
DNA template was purified from a Xenopus 1gtlO (stage 17) cDNA library using a Qiagen Kit (Diagen, Dusseldorf, Germany).
PCR was performed with 1 pg template DNA, 100 ng of a degenerate gene specific primer (S-AGIT(T/C)GGIlT(T/C)'lT(T/C)AA(A/G)CG-3') and a L arm specific primer (forward: 5'-AGCAAGT TCAGCCTGG'ITAAGTC-3'), 1 unit of Amplitaq (CetusPerkin-Elmer), 10 mM Tris-HCl (pH 8.2), 50 mM KCl, 2.5 mM MgC12, 0.1% (w/v) gelatin and 2.5 mM dNTPs under the following conditions: 94'C, 1 min; 50°C 1 min; 72"C, 3.5 min; 30 cycles followed by a final extension step of 10 min at 72°C. The amplified cDNA was subcloned into pBluescript SK+ (Stratagene). Cloned amplification products were characterized by DNA sequencing with an A.L.F. Sequencer (Pharmacia).
Northern blotting was performed essentially as described in Ellinger-Ziegelbauer and Dreyer (1993) using a cDNA probe that represents nt 291-1465 of xGCNF. Total RNA equivalent to one embryo, or 1Opg of RNA purified from organs of the adult was loaded per lane.
Whole mount in situ hybridization
Isolation and characterization of cDNA clones
Using the 32P-labelled PCR fragment, 5 X lo5 pfu of a stage 17 llgtl0 cDNA library (Kintner and Melton, 1987) were screened under high stringency (5X SSC, 50% formamide, 0.5% SDS, 5 x Denhardt's, 0.1 mg/ml calf thymus DNA) at 42'C overnight, followed by washing in 0.1 x SSC, 0.1% SDS. Isolated phage inserts were cloned into pBluescript SK+ (Stratagene). The xGCNF EcoRI (l-1465) fragment was excized from pBSKxGCNF and cloned into the EcoRI site of the pSG5 expression vector (Stratagene).
Similarly, an EcoRI/HindII fragment was excized from pBSKmGCNF (generously provided by Austin Cooney) and inserted into pSG5.
Non-radioactive whole mount in situ hybridization was performed on albino embryos, wildtype oocytes, wildtype animal caps and wildtype exogastrulae as described by Frank and Harland (1992) . Digoxygenin-rUTP-labelled (Boehringer Mannheim Biochemical) antisense riboprobes were synthesized in vitro following linearization of the subclone pBSKxGCNF
(1-1465) with ClaI and transcription with T3 RNA Polymerase @omega). Sense control probes were synthesized from the same subclone after linearization with BamHI and transcription with T7 RNA Polymerase. After the in situ staining procedure animal caps and exogastrulae were submitted to a 1 h UV-treatment in 10% H202, 67% methanol (pH 8.0) to bleach the pigment. Specimens were photographed using a Zeiss Axiophot and the resulting slides were digitized. Image processing was performed using Adobe Photoshop and Aldus Freehand.
In situ hybridization on sections
Sequencing was performed with an A.L.F. Sequencer (Pharmacia) either from restriction site generated subclones using primers supplied by the manufacturer or with gene-specific primers synthesized on a Pharmacia Gene Assembler. Sequence analysis was performed using the GCG software package (Devereux et al., 1984) .
mRNA analysis
[a-32P]rUTP-labelled antisense RNA probes were synthesized in vitro from pBSKxGCNF linearized with RsaI at bp position 774 using T7 RNA polymerase (Stratagene) according to the manufacturer's protocol. Total RNA from embryos was isolated as described in Ellinger-Ziegelbauer and Dreyer (1993) . RNase protection assays were performed by the method of Krieg and Melton (1987) , except that RNase A only was used at 20 mg/ml. Total RNA equivalent to 2.5 embryos was hyVibratome sections (lOOpurn) of wildtype embryos prefixed in MEMFA containing 3.7% formaldehyde were cut and subsequently processed like the whole-mounts described above. Ovary and testis were fixed in MEMFA containing 3.7% formaldehyde and 0.1% saponin at room temperature for 4 h and were subsequently infiltrated with 25% sucrose in PBS for 3 h at 4°C. Specimens were embedded in Tissue-Tek (Miles), frozen at -140°C and 20pm cryosections were prepared on a Reichert-Jung cryotome at -25°C and transferred to poly-(L)-lysine (Sigma) treated slides. Proteinase K digestion was performed at a concentration of 5 mg/ml in 0.1 M Tris (pH 8.0), 50 mM EDTA for 20 min at room temperature. After hybridization of digoxigenin-labelled RNA overnight at 58°C the sections were washed in 2~ SSC for 30 min at room temperature, in 2~ SSC for 60 min at 60°C and in 0.1 X SSC, 0.1% CHAPS for 60 min at 60°C.
Electrophoretic mobility shift assays (EMSA)
For probe preparation 4 pmol ssDR0 (upper strand: 5'-TCGAACATTTAGGTCAAGGTCAGTCC-3')
were 5'-end-labelled with 70 PCi of [y-32P]dATP (5000 Ci/mmol) and 20 U PNK. The labelled single strand was hybridized using a three-fold excess of ssDR0 (lower strand: 5'-GGACTGACCTTGACCTAAATGTI'CGA-3') and the double stranded probe was subsequently purified over a Boehringer-G25Quickspin column. In each bandshift assay 0.04 pmol of the purified probe corresponding to lo5 to 2 X lo5 cpm were used.
Protein was produced by in vitro translation using a TNT kit (Promega) with the pSG5-xGCNF
(1-1465) or the pSG5-mGCNF-plasmids as templates. Translation was performed in parallel both with and without the addition of [35S]Met (1000 Ci/mmol) and the labelled proteins were analyzed by SDS-PAGE and fluorography. Equivalent amounts of unlabelled in vitro translated protein were used for each bandshift assay and the total amount of reticulocyte lysate per assay was normalized by addition of unprogrammed lysate. Gel mobility shift assays were performed essentially as described in Ellinger-Ziegelbauer et al. (1995) , except for the addition of 10 pmol of ss oligonucleotide (DRO upper) to compete for ssDNA binding activity present in some batches of the TNT reticulocyte lysate.
Antiserum to xGCNF
A 1175 bp long PstI/EcoRI fragment of xGCNF was cloned into pBSK, excized with PstI and HindII, and cloned into pQEl0.
This construct encoded an Nterminally truncated protein, containing amino acids 69 to 435 of xGCNF, preceded by a 6 histidine tag. The polypeptide was expressed in bacteria, purified under denaturing conditions on a Ni-charged nitriloacetic acid column (Qiagen), followed by preparative sodium dodecyl sulphate-polyacrylamide gel electrophoresis. Immunization of mice and affinity-purification of the antiserum by using the antigen bound to a Western blot was essentially as described by Ellinger-Ziegelbauer et al. (1994) . For EMSA supershift experiments, 0.2 or 1~1 of the purified antiserum was used per assay, depending on whether homologous xGCNF or heterologous mGCNF was supershifted.
Preimmune serum was added to the control assays.
